THE mechanism whereby the brain regulates its own blood flow during changes in perfusion pressure is unclear. Neurogenic (James et al., 1969) , myogenic (Bayliss, 1902) , and metabolic (Roy and Sherrington, 1890) theories have been suggested as playing a role in the autoregulation of cerebral blood flow (CBF). The metabolic theory proposes that a chemical factor couples blood flow to metabolism, and candidates previously suggested for this chemical linkage include hydrogen ion (Lassen, 1968; Betz et al., 1973; Kontos et al., 1977a) , carbon dioxide (Severinghaus and Lassen, 1967; Kontos et al., 1977b) , oxygen (Courtice, 1941) , potassium (Kuschinsky et al., 1972) , and lactate (Siesjo and Zwetnow, 1970) .
Recently, Berne et al. (1974) found that cerebral adenosine levels were elevated following 1 minute of total ischemia and that topically applied adenosine dilated pial vessels; the latter observation was confirmed by Wahl and Kuschinsky (1976) . However, no dilation of pial vessels occurred when adenosine was administered intra-arterially (Buyniski and Rapela, 1969; Berne et al., 1974) . In addition, Rubio et al. (1975) reported an increase in brain adenosine concentrations with hypotension, hypoxia, hypocarbia, and brain excitation by electrical stimulation in rats. However, production of adenosine by brain within seconds of the onset of hypotension has not been determined. If adenosine is a mediator of autoregulation of CBF, changes in adenosine levels should be observed within seconds of alteration of perfusion pressure, since CBF changes occur rapidly in response to this stimulus (Kenskamp and Fein, 1977; Kontos et al., 1978) . The present study investigated the rapidity of rise of cerebral adenosine concentrations after the onset of systemic hypotension.
Methods
All studies were performed on rats weighing between 300 and 400 g and with free access to tap water and commercial rat pellets prior to surgery. Since, in earlier experiments (Berne et al., 1974; Rubio et al., 1975) dealing with the effects of sustained hypotension on the production of brain adenosine, we had used barbiturate anesthesia, the same anesthetic (sodium pentobarbital, 50 mg/kg, ip) was used in the present study. Anesthesia was supplemented when necessary, and rats were allowed to breathe spontaneously. Rectal temperature was continuously monitored and kept between 37 °C and 38°C by a heat lamp. The axillary artery was exposed and cannulated for continuous recording of systemic blood pressure. Any rat with mean blood pressures below 80 mm Hg was excluded. Arterial blood (0.2 ml) was withdrawn anaerobically from the axillary cannula just prior to brain sampling, and oxygen, carbon dioxide, and pH were measured. Withdrawal of this small volume of blood did not affect blood pressure. In some rats, the EEG was monitored by bitemporal, percutaneous needle electrodes.
Through a left flank incision, the retroperitoneal aorta was exposed just below the diaphragm. A no. 3 stainless steel wire was passed around the aorta and brought out through the flank incision. Both ends of the wire then were passed through a sharp 18-gauge needle. Cerebral ischemia was produced by pulling the wire with the enclosed aorta through the sharp needle to transect the vessel (Fig. 1 ). Preliminary studies with this method revealed that the diastolic blood pressure fell to zero within 400 msec. Since mean blood pressure at 1 second was 8 mm Hg (Fig. 2) , effective cerebral circulation presumably ceased prior to 1 second.
After transection of the aorta, brain samples were obtained by the freeze-blowing technique of Veech et al. (1973) . By this method, two hollow probes are driven by powerful solenoids through the opposite sides of the skull. Compressed air then is blown into one hollow probe and the entire supratentorial compartment of the brain is blown out of the other probe and immediately frozen between two aluminum plates, precooled in liquid nitrogen ( Fig. 1) . A frozen wafer of brain, weighing about 1 g and 1 mm thick, is obtained and represents the supratentorial compartment of the brain. Because of the rapid removal and the homogenization of the brain tissue by the air, freezing of the brain sample occurs in less than 1 second. The rapid fall in cerebral perfusion pressure following aortic laceration is similar to that following decapitation into liquid N2, but Compressed oir-25PSI
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Axillary artery catheter for BP recording FIGURE 1 Experimental design demonstrating rat in head holder of brain blower. Needles mounted on solenoids are shown. After needles pierce skull, compressed air is blown into the right needle, and brain is blown out of the left needle and frozen on aluminum plates, precooled with liquid nitrogen. The axillary artery cannula is used to monitor blood pressure and to obtain arterial blood for measurement of blood gases and pH. The aorta is exposed by a retroperitoneal incision. The wire with the enclosed vessel is pulled through the needle to sever the aorta with a resultant drop in blood pressure.
the freeze-blowing technique provides a more rapid rate of tissue freezing. By the methods outlined above at least four brain samples were obtained at 5, 10, 15, 30, and 60 seconds after aortic transection. In addition, samples were obtained in four groups of control rats:
(1) awake rats; (2) rats anesthetized with pentobarbital but without surgery (in this group, brain samples were obtained 35-50 minutes after the induction of anesthesia, a time period appropriate in relation to the surgically prepared rats); (3) shamoperated rats (this group had axillary artery catheterization and retroperitoneal dissection of the aorta, without aortic transection); (4) rats whose brains were sampled simultaneously with aortic FIGURE 2 Blood pressure recording from the axillary artery. Arrow indicates moment of aortic transection. VOL. 45, No. 4, OCTOBER 1979 42 ± 5 43 ± 3 4 0 ± 4 37 ± 5 3 9 ± 2 3 8 ± 3 41 ± 3 39 ±0.8 pH 7.37 ± 0.02 7.37 ± 0.01 7.37 ± 0.02 7.38 ± 0.02 7.38 ± 0.02 7.38 ± 0.02 7.37 ± 0.02 7.37 ± 0.02
Results are expressed as mean ± SE. MAP -mean arterial pressure. * Time after aortic transection. transection (this group is designated as zero-time rats).
The frozen wafer of brain was pulverized under liquid nitrogen in a mortar. The brain powder was weighed in tubes precooled in liquid N2 and mixed vigorously with 2 ml of cold (-20°C) 0.1 N HC1 in absolute methanol. Four milliliters of 1.23 N HCIO4, containing 5 mM EGTA, then were added prior to homogenization of the tissue with a glass homogenizer. During homogenization, the tubes were kept in a -20°C bath. The perchloric acid homogenate was centrifuged for 15 minutes at 10,000 g and the supernatant fractions neutralized with KOH and allowed to stand for 12 hours at 10°C. The resultant precipitate was removed by centrifugation and the supernatant fraction kept frozen in liquid nitrogen until assayed for different compounds.
Adenosine, inosine, and hypoxanthine were measured sequentially by selective enzymatic methods on a dual beam spectrophotometer (Perkin-Elmer model 356) as previously described (Dobson et al., 1971) . Lactate was determined fluorometrically (Lowry and Passonneau, 1972) and ATP, phosphocreatine (PCr), ADP, AMP, and pyruvate were measured spectrophotometrically (Lamprecht et al., 1965; Javoreh et al., 1965) .
Statistical analysis was made using Student's ttest for nonpaired data. Changes in ischemic levels of metabolites were compared to the controls obtained at the moment of aortic transection. Energy charge [= (ATP + 0.5 ADP)/(ATP + ADP + AMP)] was calculated as described by Atkinson (1968) .
Results

Physiological Parameters
No significant differences were noted among the groups of rats with respect to arterial blood oxygen, carbon dioxide, or pH or in mean blood pressure prior to aortic transection (Table 1) , and no seizure discharge was noted on the EEG after the onset of ischemia. The EEG became isoelectric, on the average, by 15 seconds after aortic transection.
Adenine Nucleosides and Base
During the first 5 seconds of ischemia, there was a 2.5-fold increase (P < 0.005) in adenosine from control values obtained at the moment of aortic transection (Table 2) . At 10 seconds, a peak of 3.20 nmol/g of adenosine was followed by a significant depression to 2.26 nmol/g at 15 seconds. Thereafter, adenosine levels were elevated to 2.47 at 30 seconds and 5.50 nmol/g at 60 seconds.
Measurement of inosine concentrations revealed an upward trend with increasing duration of ischemia, but significant differences from control levels were not achieved by 60 seconds (Table 2) . Hypoxanthine remained constant throughout the entire ischemic period (Table 2) . Adenosine, inosine, and hypoxanthine were not significantly different among the awake, anesthetized, and shamoperated and zero-time rats (Table 2) .
Adenine Nucleotides and PCr
ATP levels remained contant during the first 30 seconds of ischemia (Table 3) . By 60 seconds, ATP Values expressed as nmol/g ± BE. Energy charge = (ATP + 0.5 ADP/ATP + ADP + AMP). * 0-second » moment of aortic transection. As compared to 0-second value: f ~ P < 0.05, X -P < 0.02, i -P < 0.01, It -P < 0.002. had declined to 64% of its initial value. In contrast, PCr decreased by 1.25 nmol/g after 5 seconds of ischemia. A less rapid but significant decline occurred thereafter, so that by 60 seconds, only 13% of the initial PCr remained (Table 3) . A reciprocal relationship existed for adenosine and PCr throughout the entire 60 seconds of ischemia, and linear regression analysis revealed adenosine = -0.89 PCr + 5.0 (r = 0.9089, P < 0.005).
AMP and ADP concentrations were not significantly elevated until 30 seconds after aortic transection (Table 3) , but large increases in both compounds were observed between 30 and 60 seconds. The rise in AMP, the substrate for adenosine production, was particularly striking, reaching a 13-fold increase by 60 seconds.
Energy charge was constant during the first 30 seconds of ischemia (Table 3) , but a 20% decrease occurred between 30 and 60 seconds.
Lactate and Pyruvate
With the onset of ischemia, there was a significant elevation in lactate (P < 0.002) by 10 seconds (Table 3) . Pyruvate increased slowly (Table 3) but not significantly until 60 seconds (P < 0.05). Because of the stable pyruvate levels, the lactate-topyruvate ratio reflects the elevation in lactate.
A decrease in both lactate (49%) and pyruvate (23%) occurred in the anesthetized, as compared to the awake, rats (Table 3) , presumably due to decreased glucose utilization caused by barbiturates (Hawkins et al., 1974 ).
Discussion
The present study confirms earlier observations (Deuticke and Gerlach 1966; Beme et al., 1974; Rubio et al., 1975) that the brain can produce adenosine and, moreover, does so rapidly. Within 10 seconds of the onset of ischemia, cerebral adenosine values increased by more than 3-fold, with the major increase occurring within 5 seconds. A similar rapid elevation of adenosine has been observed in ischemic heart (Berne et al., 1971) . After 1 minute, brain adenosine levels were 5.5 nmol/g, and these values are lower than those reported by Rehncrona et al. (1978) following 1 minute of ischemia. However, these investigators sampled brain by the decapitation technique which, as noted above, is a slower method of tissue freezing and is associated with more autolytic changes.
The adenosine concentrations in the present study are comparable to those reported in rat brain by Nordstrom et al. (1977) but lower than those of Rubio et al. (1975) . Nordstrom et al. (1977) froze the brain in situ, whereas Rubio et al. (1975) froze the brain with bone rongeurs precooled in liquid nitrogen. The latter technique is slower than the freeze-blowing method and may cause tissue injury prior to freezing, which accounts for the higher values of adenosine.
After topical micropipette application of adenosine, Wahl and Kuschinsky (1976) found a sigmoidshaped, dose-response curve for feline pial vessels. In the presence of physiological concentrations of bicarbonate, maximal dilation occurred between 10~5 M and 10~7 M adenosine, with the inflection point at 10" 6 M. Studies in red cell ghosts (Schrader et al., 1972) and dispersed embryonic chick heart cells (Mustafa et al., 1975) suggest that adenosine does not exist intracellularly and is restricted to the extracellular space. If the extracellular space in brain is assumed to be 20%, then brain adenosine concentration during ischemia observed in the present study would range between 6 X 10" 6 M and 2.7 x 10~5 M, which is within the vasoactive range found by Wahl and Kuschinsky (1976) . Moreover, Kreutzberg and Barron (1978) have demonstrated that the astrocytic footpads that surround the blood vessels contain 5'-nucleotidase in the cell walL Thus, the enzyme that produces adenosine is in close proximity to the vessel wall, and the diffusion distance between the site of production and the vascular smooth muscle is small. VOL. 45, No. 4, OCTOBER 1979 The rate of adenosine formation is a function of substrate (AMP) availability and enzyme (5'-nucleotidase) activity. During the later phases of ischemia (30-60 seconds), adenosine production reflects increases in AMP. However, during the initial seconds of ischemia, despite large increases in adenosine, the AMP content of the brain did not become elevated. Lack of a measurable rise in AMP prior to 30 seconds may be due to the barbiturate anesthesia, since during the 1st minute of complete ischemia in rats, Nordstrom and Siesjo (1978) observed a decrease in elevation of AMP with phenobarbital, as compared with N 2 O anesthesia. A second, and perhaps more likely, explanation of the increased adenosine production without a concomitant increase in AMP is an alteration in the activity of 5'-nucleotidase. 5'-Nucleotidase has been shown in heart to be related closely to the cell membrane and to be inhibited by ADP and ATP (Sullivan and Alpers, 1971; Burger and Lowenstein, 1975) . ADP is a more powerful competitive inhibitor than ATP, and both are partially reversed by Mg 2 " 1 " (Sullivan and Alpers, 1971) . The location and factors affecting 5'-nucleotidase in brain have not been established as clearly as those in heart. However, in brain, this enzyme also is located in the cell wall (Kreutzberg and Barron, 1978) and appears in vivo to be greatly suppressed (Kluge et al., 1972; Arch and Newsholme, 1978) .
In heart extract, 5'-nucleotidase activity also is related inversely to PCr and directly to Mg 2 * concentration (Rubio et al., 1979) . Inhibition of 5'-nucleotidase remains consistently high when PCr concentrations are greater than 5 mM but decreases greatly when PCr falls below this level. In heart tissue, resting PCr concentrations are greater than 7 pimol/g. Therefore, disinhibition of 5'-nucleotidase by a decrease in PCr concentration alone may not play a significant role in 5'-nucleotidase activity, and interaction of decreasing PCr and increasing Mg 2+ has been proposed as coupling adenosine release to cell metabolism in heart (Rubio et al., 1979) . Inhibition of 5'nucleotidase by PCr in brain has not been investigated. However, the resting values of PCr are slightly greater than 4 /imol/g and, as the present study indicates, there is an inverse relationship between PCr and adenosine throughout the 60 seconds of ischemia (r = 0.9089, P < 0.005). If a similar relationship between 5'nucleotidase activity and PCr concentration exists in brain as in heart extract, then the early rise in adenosine during the initial seconds of ischemia, in the absence of an elevation of AMP, may be due to the rapid fall in PCr and the resultant increase in 5'-nucleotidase activity. In addition, associated hydrolysis of small amounts of ATP-Mg 2 * will increase the intracellular free Mg 2 * concentration and augment 5'-nucleotidase activity (Rubio et al., 1979) .
In addition to 5'-nucleotidase, adenosine deaminase and adenosine kinase also will affect adenosine levels. Adenosine deaminase activity in rat brain is low (Brady and O'Donovan, 1965) and is restricted to an intracellular location for both neuronal (Pull and Mcllwain, 1974) and glial (Trams and Lauter, 1975) cells. The location of adenosine kinase has not been established clearly. However, its activity in brain is greater than that of adenosine deaminase (Shimizu et al., 1972; Arch and Newsholme, 1978) .
Change in the metabolic rate of the brain caused by an increase in neuronal activity during ischemia may also alter adenosine levels. For example, seizure activity coincident with aortic transection might account for the early rapid rise in cerebral adenosine levels. The rapid rise within 10 seconds of ischemia is similar to the pattern seen within the first 10 seconds of seizures induced by bicuculline in rats . A similar rise in brain adenosine after 15 seconds of bicuculline seizures in cats has been demonstrated by Wahl et al. (1978) . However, the EEG failed to show seizure discharge or even increased activity in the present study.
The increased production of adenosine, as compared to inosine in the present study, is similar to that seen with sustained cerebral hypotension and hypoxia , and the reverse of that observed in ischemic and hypoxic myocardium, where inosine production exceeds that of adenosine . In brain, the slow rise in inosine, in contrast to the rapid rise of adenosine, may reflect a preferential rephosphylation of adenosine to AMP, rather than deamination to inosine. The predominance of reincorporation, rather than deamination of adenosine, could occur either because of a greater activity of adenosine kinase as compared to adenosine deaminase, or because of unequal distributions of these two enzymes. The K m of adenosine kinase in rat brain is 2 X 10~6 M, whereas that of adenosine deaminase is 3.4 X 10~5 M (Arch and Newsholme, 1978) . Although the greater affinity of adenosine kinase for adenosine may account for the lack of production of inosine, perhaps the intracellular location of adenosine deaminase (Pull and Mcllwain, 1974; Trams and Lauter, 1975 ) may also retard the deamination of adenosine, which presumably is extracellular.
The stable hypoxanthine levels are in keeping with the findings of Berne et al. (1974) , who noted no change in hypoxanthine levels until 20 minutes of ischemia had elapsed. This delayed increase in hypoxanthine is explained by the lack of availability of nucleoside phosphorylase . Unlike heart , this enzyme in brain is located solely within the vascular endothelium. Because of an endothelial barrier to inosine, nucleoside phosphorylase may be unavailable to extracellular inosine until the integrity of the cell wall is disrupted.
The changes in adenine nucleotides, PCr, lactate, and pyruvate observed after 60 seconds of ischemia in the present study are not at great variance from those observed in earlier reports (Lowry et al., 1964; Schmahl et al., 1965; Ljunggren et al., 1974; Koba-yashi et al., 1977; Nordstrom and Siesjo, 1978) . These previous studies used different: (1) species [rats (Ljunggren et al., 1974) , gerbils (Kobayashi et al., 1977) , cats (Schmahl et al., 1965) , mice (Lowry et al., 1964) ]; (2) anesthesia [N 2 O or barbiturates in differing dosages (Gatfield et al., 1966; Nordstrom and Siesjo, 1978) ]; and (3) sampling methods [in situ (Ljunggren et al., 1974) , immersion in liquid N 2 (Kobayashi et al., 1977) , suction freezing (Schmahl et al., 1965) , and decapitation (Lowry et al., 1964) ]. With the exception of Nordstrom and Siesjo (1978) , who observed only a 15% decrease in ATP and an 11-fold increase in AMP with phenobarbital anesthesia, these earlier investigators, despite the differences in techniques, found similar ranges of alterations in brain metabolites after 60 seconds of ischemia: the decline in ATP and PCr ranged from 60 to 70% and 82 to 96%, respectively, whereas the rise in ADP, AMP, and lactate was 1.6-to 4.2-, 21to 33-, and 2.8-to 7.8-fold, respectively. The changes are comparable to alterations in PCr, ADP, and lactate obtained with the freeze-blowing technique in the present study. However, as would be expected with this faster freezing technique and, perhaps, the use of barbiturate anesthesia, better preservation of ATP (36% decline) and smaller increases in AMP (13-fold increase) occurred.
The pattern of change during the initial few seconds of ischemia revealed a dramatic drop in PCr (5 seconds), a rise in lactate (10 seconds), and a relative stability in nucleotides (30 seconds) and pyruvate (60 seconds). As previously noted, the majority of earlier investigators did not obtain tissue samples prior to 60 seconds of ischemia. However, a few reports (Lowry et al., 1964; Gatfield, 1966; Nilsson et al., 1975; Levy and Duffy, 1975) have dealt with changes occurring within the first several seconds of ischemia. Recently, Nordstrom and Siesjo (1978) compared changes in cerebral metabolites after complete ischemia in rats anesthetized with phenobarbital (150 mg/kg) or N 2 O. In the present study, in which we used a lower dosage (50 mg/kg) of a faster acting barbiturate (pentobarbital), the changes in PCr, ATP, and ADP at 10 seconds approximate the values in their animals anesthetized with phenobarbital, whereas the percent changes in AMP, lactate, and pyruvate are more similar to levels obtained in their animals anesthetized with N 2 O.
The metabolic changes emphasized by previous investigators after profound hypotension or after the initial few seconds of ischemia may not be related directly to cerebral blood flow regulation. Metabolites such as ATP, Per, ADP, and AMP are intracellular components and, thus, unable directly to affect vascular diameter. In contrast, adenosine appears to exist extracellularly. Moreover, as the present study documents, adenosine concentration in brain is elevated rapidly following the onset of ischemia. Dilation of pial vessels is observed within 3.5-5 seconds after clamping of the carotid arteries (Kenskamp and Fein, 1977; Kontos et al., 1978) . Therefore, any metabolic factor proposed to be involved in the autoregulation of CBF must change quickly to be considered as a chemical link between metabolism and CBF. Unlike extracellular pH changes which are delayed for more than 10 seconds after the onset of ischemia (Silver, 1978) , increases in adenosine, as the present study illustrates, occur within 5 seconds. Adenosine, therefore, may be a primary physiological agent in the regulation of CBF.
